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Cable-stayed bridges possess plentiful advantages, such as structural efficiency and
aesthetics, comparing to other types of bridge. With breakthroughs of materials,
calculations and construction technologies, cable-stayed bridges have become popular
around the world. Generally, the most critical member of the structure in long-span cable-
stayed bridge are stay cables and designed with sufficient redundancy. In addition, they
are well-protected against corrosion, fatigue and other external forces. Due to extreme
events such as ship collision, fire, etc. one or more cables were partly broken and their
loading capacity were lost. Therefore, there are increasing concerns about structural
vulnerability of constructed cable-stayed bridges to sudden cable failure.
Since Starossek -stayed bridge
conducted over the last decade. All the published papers shared one point in common.
They re
issued by the Post-
involving this new field of study.
This research investigates in the impact behavior of stay cable during sudden loss events
of the cables in a cable-stayed bridge. This dissertation consists of eight chapters and can
be divided into three main parts. The first part consists of initial studies regarding
information collection, theoretical review and typology of cable breakage. The second
main part of this paper reports on original experimental programs, in which, the small
scale stay cables are broken in various pattern. The last main part reports case study of a
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newly constructed cable-stayed bridge under effect of losing one or more stay cables. The
details of each chapter are described as follow.
Chapter 1 firstly gives a research background of cable loss problem in cable-stayed bridge
mostly addresses on the consideration of current design codes regarding stay cable loss,
its dynamic impact behaviors and the influences in the cable-stayed bridge structures.
This chapter also briefly explains the rationale and approach of this research to solve the
unanswered problems.
Chapter 2 performs theoretical review on this new field of study. Firstly, cable loss
incidents in cable-stayed bridges from around the world are introduced. As a result, such
events drew the attention of researchers from around the world and has been seriously
studied in the last decade. The significant findings and limitations of each paper are also
The recommendations are also reviewed and assessed to be very limited, ambiguous and
in serious need of complement. It is believed that the suggested impact force factor 2.0
used with initial axial force N0 is inadequate to evaluate all patterns of the cable loss.
This chapter also strongly indicated the stay cable loss in cable-stayed bridge was a
practical issue and should be studied via well-organized experimental programs, of which
all the existing research works were still lacking.
Chapter 3 carried out preliminary studies regarding typology of sudden stay cable loss,
theoretical and numerical consideration of a typical cable element and its response after
cable
cable loss event in cable-stayed bridge can be classified into three major types (pure
tensile, lateral and thermal). This chapter also describes numerical calculation of a typical
considered in the corresponding experimental programs.
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Chapter 4 provided report of an experimental study on pure tensile sudden stay cable loss.
Before abrupt loss, the cable tensile force remains almost constant. The causes of this
type of breakage are cross section reduction due to corrosion and fatigue. Similarity laws
wire specimens with galvanized corroded cross section are slowly tensioned to rupture
by an autograph tensile testing machine. The relationship between the initial axial force
and the impact force is calculated via obtained strain waves. It was found out that the
impact force resulting from 2.0 multiplied with N0 should only be considered when the
corrosion is very serious. Nevertheless, the impact influent the anchorage in form of
vibration shockwave and its frequency is suitable with the theoretical calculation.
Experimental results lastly were verified via numerical simulation and the comparability
was confirmed.
Chapter 5 reports an experimental program regarding the lateral cable breakage caused
by collision of a ship. An original set of experimental apparatus is designed to simulate
the cable loss incident in which, a cargo ship crashes into and abruptly breaks the stay
cable. The obtained results show that the cable tensile force increased to a certain level
before suddenly dropped and vibrated around zero because of the elongation effect.
Among the three major types of cable breakage, the lateral type is the most aggressive
and able to cause most significant impact force to the cable anchorage. The impact force
of 1.5 multiplied with cable yield force Nyield is recommended, instead of that stated in
increases to Nyield before sudden loss
vibration frequency of broken specimen is similar to the last experiment and can be
calculated using theoretical equation.
The final experimental program (Chapter 6) considered the last of three major type of
cable breakage: rupture by thermal effect. Tensioned cable strand was cut by an
was
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assumed to be gradual. This statement can be explained that the stay cable axial will
slowly reduce to zero due to the effect of fire. In this case, the impact force is minor and
can be neglected. However, the obtained results showed different phenomenon. Under
the effect of an extremely aggressive fire and short heating duration, the strand was locally
is also very significant. Similar to the pure tensile experiment, the impact factor of 2.0
applied to N0 is also recommended for this scenario, rather than the consideration stated
Based on the experimental results, Chapter 7 performs case study on structural stability
of a newly operated cable-stayed bridge. Regardless the breaking pattern, all experimental
programs prove that the impact force is generated when a tensioning cable is broken. The
anchorage is applied by a shockwave. The numerical analysis also confirms this fact.
Therefore, dynamic response analysis with impact waveform suitable with cable scale is
carried out. Considering of various kind of accidents, the stay cables at various positions
were removed. Then the suitable impact force waves were applied at the anchorages to
simulate the sudden cable loss event, laterally or not. The length of the broken cable and
rupture point will affect the frequency of the impact waveforms. Longer cable has lower
frequency than shorter one. However, the effect of different frequency to a prototype
cable-stayed bridge was limited when the frequency reaches a certain value of 100 Hz.
The static analysis is also performed to compare with the results obtained from the
dynamic analysis. The differences between two approach methods are because the
dynamic calculation considers the time lag between two waveforms acting at girder and
pylon anchorages. Nevertheless, the calculation results indicated that the bridge could
maintained its structural safety without causing progressive collapse if a single cable was
abruptly broken, regardless the cable breaking patterns or position of the cable. This
cable loss can heavily affect the serviceability and stability of the bridge. Lateral breakage
of 4 cables at the center of bridge main span can cause instability to the structure; while
the high probability of progressive collapse occurred if more than 4 cables were broken
simultaneously.
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The conclusion (chapter 8), summarized all the contents of previous chapters. The
significant findings of this research work were also shown. Firstly, there are different
patterns of stay cable loss. This study classified the cable loss events into three major
types based on the change in internal axial force change before abrupt breakage. The
event were very limited and unsubstantial to cover all the breaking patterns. The
corresponding experimental programs latterly proved the assumption. Moreover, the
lateral cable breakage was the most aggressive among the three programs. On the other
hand, the stay cable loss due to fire could be considered as significant as pure tensile
breakage if the fire was aggressive. Finally, the numerical analysis chapter shows the risks
of progressive collapse in the constructed cable-stayed bridge if more than 4 stay cables
are broken simultaneously. The findings of the research reported in this dissertation were
extremely critical in bridge engineering. However, as every other research work, this
study also includes unanswered questions and limitations. The final section of this chapter
gives ideas and suggestions to the future work, not only for the author but also for the
researchers who intends to investigate in cable loss field of study.
viii
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Cable-stayed structures, namely cable-stayed bridges, suspension bridges and extra-
dosed bridges possess plentiful advantages such as structural efficiency and aesthetics,
comparing to other types of bridge. With breakthroughs of materials since 20th century,
calculations and construction technologies cable-stayed bridges have become popular
around the world.
Generally, as the most critical members of the structure, stay cables in long-span cable-
stayed bridge are designed with sufficient redundancy and are well-protected against
corrosion, fatigue and other external source of damage, especially under aggressive
conditions1). However, extreme events in which one or more cables partly lose their
loading capacity or fail completely as a result of various factors have been observed
worldwide, with details of those accidents are to be discussed in the later part of this
papers. Therefore, there are increasing concerns about constructed cable-stayed bridges
structural vulnerability to sudden cable loss.
Over the last decade, since Starossek (2007)2)
cable- progressive collapse, a number of studies in
this field have been conducted. All the published papers have referred to the
3), issued by the Post-
Tensioning Institute, United States of America ( PTI ), as the
primary guideline. However, s are lacking of details involving this
new field of study.
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As a practical problem in the cable-stayed bridge design, sudden cable loss problem
should be seriously considered to estimate the ability of maintaining structural stability
of long-span cable-stayed bridge. Re-evaluation and organizing of terms and
recommendations regarding such extremely unforeseen event are required.
1.2 Objectives of the research
The main objectives of this paper are described as follow:
i. To review and re-organize existing design codes, approach methodologies related
to cable loss events in cable-stayed bridge, which is a new field of study.
ii. To perform typology study of sudden cable loss events, based on causes and
response of the stay cable element before and after cable breakage.
iii. To plan and carry out experimental programs to understand the behaviors of cable
being broken in laboratory environment. Thus, via law of similarity, evaluate the
impact force when a real cable in cable-stayed bridge abrupt loses due to various
causes.
iv. To issue recommendations about characteristics of impact force generated when
a cable ruptures. New approach methodologies for evaluating a cable-stayed
considered.
v. To perform case study of an existing long span cable-
under effect of losing one or more cables due to various causes. The analysis and
evaluation process can provide important idea for ones who are dealing with cable
loss problem
Effect of sudden cable loss on structural stability of cable-stayed bridge
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1.3 Thesis structure
Fig. 1.1. Structure of the thesis
The structure of the thesis is schematically represented in Fig. 1.1. There are 8 chapters
in this paper. Brief descriptions of all chapters are as follow:
Chapter 1 firstly gives a research background of cable loss problem in cable-stayed
oduced. This chapter also
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Chapter 2 performs theoretical review on this new field of study. Firstly, cable loss
incidents in cable-stayed bridges from around the world are introduced. All of those
incidents occurred in the 21st century. As a result, such events drew the attention of
researchers from around the world. The significant findings and limitations of each
dations were referred by all the
previous researches. The recommendations are also reviewed and assessed to be very
limited, ambiguous and in serious need of complement. It is believed that the suggested
impact force factor 2.0 used with initial axial force N0 is inadequate to evaluate all
patterns of the cable loss. This chapter also strongly indicated the stay cable loss in
cable-stayed bridge was a practical issue and should be studied via well-organized
experimental programs, of which all the existing research works were still lacking.
Chapter 3 carried out preliminary studies regarding typology of sudden stay cable loss,
theoretical and numerical consideration of a typical cable element and its response after
axial tensile force before sudden rupture, the
cable loss event in cable-stayed bridge can be classified into three major types (pure
tensile, lateral and thermal). This chapter also carried out initial numerical calculation of
nse to three breaking patterns. Each major type of cable loss
would be considered in the corresponding experimental programs.
Chapter 4 provided report of an experimental study on pure tensile sudden stay cable
loss. Before abrupt loss, the cable tensile force remains almost leveled. The causes of
this type of breakage are cross section reduction due to corrosion and fatigue. Similarity
steel wire specimens with galvanized corroded cross section are slowly tensioned to
rupture by an autograph tensile testing machine. The relationship between the initial
axial force and the impact force is calculated via obtained strain waves. It was found out
mpact force factor of 2.0 is conservative and on the safety
side. The impact force resulting from 2.0 multiplied with N0 should only be considered
when the corrosion is very serious. Nevertheless, the impact influent the anchorage in
form of vibration shockwave and its frequency is suitable with the theoretical
Effect of sudden cable loss on structural stability of cable-stayed bridge
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calculation. Experimental results lastly were verified via numerical simulation and the
comparability was confirmed.
Chapter 5 reports an experimental program regarding the lateral cable breakage caused
by collision of a vehicle. An original set of experimental apparatus is designed to
simulate the cable loss incident in which, a cargo ship crashes into and abruptly breaks
the stay cable. The obtained results show that because of the elongation effect, the cable
tensile force increased to a certain level before suddenly dropped and vibrated around
zero. Among the three major types of cable breakage, the lateral type is the most
aggressive and able to cause most significant impulse impact force to the cable
anchorage. The impact force of 1.5 multiplied with cable yield force Nyield is
phenomenon, in which the cable axial force raise to Nyield before sudden loss need to
be consid
amplification, other parameter namely vibration frequency of broken specimen is
similar to the last experiment and can be calculated using theoretical equation.
The final experimental program (Chapter 6) considered the last of three major type of
cable breakage: rupture by thermal effect. Tensioned cable strand was cut by an
was assumed to be gradual. This statement can be explained that the stay cable axial
will slowly reduce to zero due to the effect of fire. In this case, the impact force is minor
and can be neglected. However, the obtained results showed different phenomenon.
Under the effect of an extremely aggressive fire and short heating duration, the strand
impulse impact force is also very significant. Similar to the pure tensile experiment, the
impact factor of 2.0 applied to N0 is also recommended for this scenario, rather than the
Based on the experimental results, Chapter 7 performs case study on structural stability
of a newly operated cable-stayed bridge. Regardless the breaking pattern, all
experimental programs prove that the impulsive impact force generated when a
Effect of sudden cable loss on structural stability of cable-stayed bridge
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tensioning cable is broken affect the anchorage in form of a shockwave. The numerical
analysis also confirms this fact. Therefore, dynamic response analysis with impact
waveform suitable with cable scale is recommended to perform FEM cable-stayed
bridge modelling and analysis. Considering the complete FEM model of the bridge as
the initial stage, the stay cables at various positions were removed. Then the suitable
impact force waves were applied at the anchorages to simulate the sudden cable loss
event, laterally or not. The length of the broken cable and rupture point will affect the
frequency of the impact waveforms. Longer cable has lower frequency than shorter one.
However, the effect of different frequency to a prototype cable-stayed bridge was
limited when the frequency reaches a certain value of 100 Hz. The static analysis is also
performed to compare with the results obtained from the dynamic analysis. The
differences between two approach methods are because the dynamic calculation
considers the time lag between two waveforms acting at girder and pylon anchorages.
Nevertheless, the calculation results indicated that the bridge could maintained its
structural safety without causing progressive collapse if a single cable was abruptly
broken, regardless the cable breaking patterns or position of the cable. This
usly multiple
cable loss can heavily affect the serviceability and stability of the bridge. Lateral
breakage of 2 cable at the center of bridge main span can cause instability to the
structure; while the high probability of progressive collapse occurred if 4 cables were
broken simultaneously.
The conclusion (chapter 8), summarized all the contents of previous chapters. The
significant findings of this research work were also shown. Firstly, there are different
patterns of stay cable loss. This study classified the cable loss events into three major
types based on the change in internal axial force change before abrupt breakage. The
event were very limited and unsubstantial to cover all the breaking patterns. The
corresponding experimental programs latterly proved the assumption. Moreover, the
lateral cable breakage was the most aggressive among the three programs. On the other
hand, the stay cable loss due to fire could be considered as significant as pure tensile
breakage if the fire was aggressive. Finally, the numerical analysis chapter show the
Effect of sudden cable loss on structural stability of cable-stayed bridge
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risks of progressive collapse in the constructed cable-stayed bridge if more than one
stay cable broken simultaneously. The findings of the research reported in this
dissertation were extremely critical in bridge engineering. However, as every other
research work, this study also consist of unanswered questions and limitations. The final
section of this chapter gives ideas and suggestions to the future work, not only for the
author but also for the researchers who intends to investigate in cable loss field of study.
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Chapter 2. Literature review
2.1 Introduction
This chapter provides background knowledge regarding cable loss problem. Firstly, cable
damaged events registered from cable-stayed bridge structures all over the world are
introduced. With concerns about structural safety and redundancy, those accidents have
been attracting researchers to investigate in this field of study. As a result, number of
cable loss studies is increasing in the last decade. Noticeable papers and its main findings
are summarized in the next part of this chapter (subsection 2.3). As the only well-known
quoted and discussed in subsection 2.4.
2.2 Cable breakage accidents
A number of structural accidents in which the cables were ruptured or lost their stresses
have been latterly reported in 21st century.
For instance, on 28th
Bridge (Greece) felled from the top of one pylon1). The bridge is one of the longest multi-
span cable-stayed bridges in the world with the main bridge is 2252 m of length. The
cause of the accident was fire outburst after a lightning strike. The bridge had been closed
until the restoration of the cable was completed.
In March 2007, a collision accident between a truck and two buses occurred in Mezcala
Bridge2). Because the truck was transporting inflammable agricultural products, a fire was
blown up on the main girder. As a result, one cable was completely ruptured and the
Effect of sudden cable loss on structural stability of cable-stayed bridge
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adjacent cable was partly damaged. The accident gave raise to questions if the HDPE
coating material, which was used in this structure, was suitable for fire resistant in cable-
stayed bridges.
Fig. 2.1. Accident of Binh Bridge (Tokuchi et al., 2013)4)
Another example, on 17th
broken; the ships then crashed into the Binh Bridge (Vietnam), causing heavy damage to
the main steel girder and six of the cables; the bridge has been under operation but its
loading capacity has had to be reduced3). The images of this accident are represent in Fig.
2.1. Lately, affected cables and part of the steel girder were replaced, the estimated
restoration cost were reported to be significant.
Fig. 2.2. Cable corrosion on the Yukizawa Great Bridge (Kanda et al.)5)
In 2013, a cable element ruptured on the Yukizawa Great Bridge (an extra-dosed
structure in Japan)5). The cause of the failure was steel corrosion. It was reported that
Effect of sudden cable loss on structural stability of cable-stayed bridge
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the corroded part was near the anchorage at the girder. The protection layer at that
position was cracked, thus rainwater could leaked inside the steel core of the strand and
caused material strength suffering (Fig. 2.2).
Latest accident, that of The Chi Shi Bridge (Hunan, China) occurred in 2014 (Fig. 2.3).
The bridge is recorded as being one of the highest bridge structures in the world, with
five cable-stayed spans in total (2 side spans and 3 back-to-back main spans). During the
construction stage, several cables ruptured and caused the closure process to be unable to
be completed as scheduled. It was reported that the cause of accident was fire outburst.
Fig. 2.3. Accident of Chi Shi Bridge
Whilts several cable loss incidents occured and were reported recently, there was no
incident in which, loss of cable led to the collapse of the whole cable-stayed bridges.
Recently, the collapse of Bridge 9340 in 2007 (Minesota, US) was classified as
progressive collapse. A failure of a gusset plate at a crucial joint of the steel truss arch
bridge made the bridge completely fall to the river. Thirteen people were death and
hundreds were injured in the incident.
Comparing to bridge structures, buildings are more vulnerable to progressive collapse
with numerous of incidents was reported over centuries. Probably, the most notable and
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catastrophic accident was the one of World Trade Centre buildings (2001, New York).
Fire outburst from terrorist activities weakened the steel frame of the buildings and
caused progressive sagging that resulted in the collapse of whole structures. This paper
will not dig deeper to the WTC incident or progressive collapse of structures other than
cable-stayed bridge.
2.3 Past researches
Along with the reported cable rupture incidents, the question about constructed cable-
. A number of
research in cable loss field of study have been conducted.
The term loss of cable 6). In which, the
collapse behavior of bridges could be classified into six type. It was stated that the sudden
losing of one cable in cable-stayed bridge can lead to structural instability and progressive
collapse was needed to be monitored closely. The progressive collapse of cable-stayed
-type collapse In which, the adjacent cable
was ruptured due to the re-distribution of stress and impulse impact force generated
during the loss of the previous cable.
Also in 2007, Park et al7) proposed an analytical model to deal with cable loss problem in
cable-stayed bridge. Accordingly, the sudden rupture of a stay can be simulate using a
time function, in which, the initial tensile force is N0 and the final tensile force is 0. The
decrease is assumed to be linear and the rupture duration is considered from the point
when the tensile stress starts to dwindle to the time at which the tensile force is equal to
0.
Ruiz-Teran and Aparicio (2009)8) and Mozos and Aparicio (2010)11,12)
recommendations and conducted a parametric study in which several cable-stayed bridge
models were analyzed under the effects brought about by the loss of one stay cable. It
was concluded that a dynamic amplification factor (DAF) of greater than 2.0 was possible
and was affected by damping conditions. Although the research of Ruiz-Teran and
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Aparicio did not carry out on tradition long span cable stay bridges. It stated that the DAF
approach was inappropriate and dynamic numerical analysis was strongly recommended
to access the effect of losing cable on cable-stayed structures.
Wolff and Starossek (2010)10) conducted nonlinear dynamic analysis of a prototype cable-
stayed bridge model with the number of cables lost increased to 3. The authors did not
specify a unique value of the DAF but suggested that a factor of less than 2.0 was only
applicable for bending moments in the bridge girder.
However, there was an ambiguous term between the DAF mentioned in those research
papers and the factor that was designated for impact forces caused directly by the
releasing cable axial force. It is suggested that the DAF should be used to roughly estimate
the response of structure elements such as girders or pylons. While the impulse impact
forces directly generated from the rupture of the cable should also be evaluated and
applied at the anchorage position to access the safety of the bridge if such events occur.
An experimental program investigating cable rupture was conducted by Mozos and
Aparicio (2011)13). The main objective was to obtain the rupture duration of damaged and
undamaged strands under low strain rate tensioning conditions. The conclusion suggested
that a rupture time of 0.005 s should be considered when addressing this phenomenon.
Zhou and Chen (2014)14), who also considered the duration of the rupture, used a different
time parameter of 0.01 s to simulate the cable failure period in their time-dependent
dynamical analysis. The authors did not explain why this value was determined.
Regarding progressive collapse analyses of a cable-stayed bridge, Cai et al (2012)15)
proposed four analytical procedures, including linear static, nonlinear static, linear
dynamic and nonlinear dynamic analyses. The authors stated that, in general, progressive
collapse risk was high if the bridge loss more than one cable. It was also found out that
static analyses were too conservative. However, all the procedures were conducted on a
simple 2D model, the reference value was yet to be confirmed. Das et al (2016)16) adapted
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the dynamic nonlinear procedure and found out that the larger distance between the tower
and the loss cables, the higher risk of progressive collapse could happen.
In short, the current state of research works in this relatively new field of study is
insufficient. Some important parameters is tentatively chosen without proper explanations.
The lack of reliable information obtained from well-organized experimental programs is
also a questionable aspect.
2.4 Current structural design code of cable loss
There is one common point of all published papers in this field of study. They have
referred to the
issued by the Post-Tensioning Institute (from United States), as the primary guideline.
The terms stated in the document is to be reviewed and discussed.
Referring to AASHTO LRFD Bridge Design Specification a steel tensile member of a
structure is recommended to work within the limitation of nominal yield strength,
y y cannot exceed 0.95. The Post-
Recommendations for Stay Cable Design, Te y is
from 0.65 to 0.75 for a stay cable in cable-stayed bridge, which bears the axial load
only. Observing multiple files and documents regarding the stay cable design in cable-
stayed bridge shows that, generally, the designated acting stress in the stay is between
0.4-0.6 of yield strength. Nevertheless, stay cable in cable-stayed bridge is often
designed with sufficient redundancy and robustness. As a result, this research
investigated in unforeseen events in which, the stay cable was loss suddenly and the
generated impact force is believed to be significant.
In the 6th
(page 54) are extremely limited with barely 200 words or words equivalent. Details
commentaries are also lack of insightful information. It is believed to be insufficient to
deal with sudden cable rupture. There is two main noticeable statements described as
follow.
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First, the recommendations require all cable-stayed bridges to be able to maintain
structural stability when one cable abruptly ruptures. However, due to various causes, a
number of multiple cable loss incident has been reported. Consequently, it is required to
study on the effect of losing more than one cable on cable-stayed bridge structural safety.
Second, a pair of impact force applied at both girder anchorage and pylon anchorage is
suggested to assess the bridge structure when sudden cable rupture occurs. The factor for
impact force is recommended as 2.0, to be used with the initial cable static force. It is
inappropriate to address all cable loss events with a single impact factor regardless cause
axial force to calculate the impact force is need to be investigated.
In additional, one commentary regarding cable loss from fire state that in this situation,
the loss is assumed to be gradual. The factor is suggested to be equal to 0.0. This statement
is ambiguous. Does cable loss due to fire have no effect to the structural safety or have
no impulsive impact force? This statement is need to make clearer and insightful
implement is required to be added.
2.5 Summary
Cable rupture incidents occurred and were reported from all around the world. As a result,
researchers have been investigating in this field of study. To date, a decent volume of
academic papers regarding the abrupt rupture of a stay in long-span cable-stayed bridge
structure has been reported. However, the primary guideline design specifications, issued
by PTI, is meager and lacking of detail explanations. Further descriptions regarding cable
rupture typology, characteristics of vibration and behavior of cable-stayed bridge losing
one or more cables are all required. Because this is a practical problem in bridge design,
well organized experimental programs to implement the specifications are also expected.
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Chapter 3. Theory of cable breakage
3.1 Introduction
This chapter performs preliminary study on cable breakage, both theoretically and
numerically. Firstly, causes of cable loss in cable-stayed bridge structure are consider.
Despite that classification cable breakage according to this method is easy, it cannot
provide significant academically values. To fully analysis this problem, fundamental
basis regarding longitudinal vibration of a broken cable is considered. According to the
highlighted: pure tensile breakage, lateral breakage and thermal breakage. Cable vibration
scheme of each type is also suggested, via FEM numerical calculation.
3.2 Typology of cable breakage
3.2.1 Causes of breakage
As discussed in the last chapter, abrupt loss of cable can be triggered by various factors.
accidental or intentional human reasons, e.g. collision of vehicles such as car, truck, ship,
or airplane all can lead to the failure of cables. Recently, terrorism activities also target
public infrastructures, of which, long span cable-stayed structures are potential objects.
Breakage of one cable in a cable-stayed bridge can also be caused by the rupture of nearby
cables, which lead to the failure of partial or entire bridge. Such event was addressed as
zipper-type collapse by Starossek (2007).
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To classify cable breakage types according to the causes of incident is simple and easy to
perform, but scientific value of this classification method is not significant. Better
suggestion can be concluded via theoretical approach.
3.2.2 Response of cable element after breakage
Longitudinal vibration of a circular rod with uniform cross section is considered to
understand behavior of a tensioned cable after being abruptly broken. The literature
relationship between axial force of the cable and impact force at the anchorage position
can be obtained. The hypothetical role of the length of the rod to longitudinal vibration is
also addressed in this analysis.
Fig. 3.1. A rupture cable
Fig. 3.1 (a) shows a two-fixed-end circular rod with uniform axial force. The rod is
ruptured in the point near one end, letting both parts freely vibrate in the longitudinal
direction (Fig.1 (b)).
By assuming that the rod is fairly long compared to its diameter, the effect of lateral
motion is presented to be neglected. In view of the symmetry, only one side of the rod
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Fig. 3.2 Rod model for longitudinal vibration
Using equation of motion for longitudinal vibration and its solution (Stokey, 2009)1), the














In which, l is the length of the cantilever; and a2 , where E is the modulus of
elasticity, g is the gravitational acceleration and
When the vibration begins, the velocity is zero (du/dt=0 at t=0) which gives n=0 as
initial condition.
The constants An and Bn are determined by other boundary conditions. The fixed end of
the rod gives the condition u=0 at x=0 so that B=0. For the free end the strain is zero
(du/dx=0 at x=l), the equation becomes nl/a)=0 from which n
As a2 , the natural frequencies for longitudinal vibration are presented as equation
(3-2).
(3-2)











At t=0 0 is the acting tensile stress before rod abruptly broken, the displacement
































































From equation (3-6) and (3-7), the maximum displacement of the free end is computed
as umax 0l/E. It means that the initial tensile stress 0 and the length of the rod l determine
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the amplitude of the vibration. The maximum compressive stress in the rod during
longitudinal vibration is also calculated as min=- 0|. Hence, the value of factor for impact
force can be obtained as equation (3-8).
0.2
0
m i n0IF (3-8)
According to the recommendations published by Post-Tensioning Institute (PTI) from the
United States, the factor for impact force can be determined as 2.0 in cable breakage event.
Thus, the obtained IF factor value is suitable with that term in the recommendations.
the moment just before the rupture. With appropriate revision, the impact factor of 2.0
internal stress prior to breakage happen.
Fig. 3.3. Relationship between length of rod and fundamental natural frequency of
longitudinal vibration
Longitudinal vibration equation (3-6) also theoretically proves that the length of the rod
l has important distribution to fundamental natural frequency of the vibration (f when
n=1). If the rod is made of steel, with modulus of elasticity E=200 GPa, weigh density
kN/m3, gravitational acceleration g=9.81 m/s2, then a 10 m length rod will have a
fundamental nature frequency of 120 Hz. The relationship between length of steel rod l
and fundamental nature frequency f is displayed in Fig. 3.3. The figure shows the fact that
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shorter rods perform longitudinal vibration with higher frequency than the longer ones.
Moreover, despite the fact that the longitudinal vibration of a cantilever is the complex
combination of every vibration mode, the fundamental vibration mode is believed to
dominate the others. This statement is to be verified via preliminary calculation in the
next sub section.
3.2.3 Pure tensile breakage
When pure tensile breakage event occurs, no lateral deformation appears along the entire
cable. There is no external force acting on the element except axial force. Therefore, no
significant change in axial force appears before rupture. This phenomenon can happen
because of corrosion or fatigue, which significantly decrease the loading capacity of the
cable.
Due to the importance, cable in cable-stayed bridge is generally designed with sufficient
redundancy and well-protected against fatigue and corrosion especially in aggressive
conditions. Therefore, this type of cable-loss becomes less and less popular with the
structures which were constructed recently. Even though, the risk of pure tensile breakage
cannot be completely ignored.
Fig. 3.4. Time history of axial force during pure tensile cable breakage
Numerically considering a typical cable in a cable-stayed bridge with a length of 100 m
and a diameter of 100 mm, being broken at the middle point, the length of the cantilever
is 50 m. Immediately before breakage, namely, t=0, F=F0 is the initial axial force. After
Effect of sudden cable loss on structural stability of cable-stayed bridge
23
the breakage, the acting axial force in the broken cable F=0, and the rupture duration is
trup. The time history graphs of the axial force F with different rupture durations trup are
assumed to be linear, as shown in Fig. 3.4.
Fig. 3.5. Time history of cable axial force obtain from pure tension breakage simulation
Fig. 3.5 shows a typical wave form obtained through dynamic numerical analysis, with
trup = 0.005 s (Mozos and Aparicio, 2011). The calculation is performed using TDAP III,
a Finite Element Method (FEM)-based computer program.
preliminarily chosen as 1%. The initial axial force is F0. The vibration frequency is about
24 Hz, which is suitable with result obtain from theoretical calculation (Fig. 3.3). With
Fmin as the maximum negative reaction force, the calculation of the impact force factor
(IF) can be defined using equation (3-10). During the calculation, various initial axial
forces F0 were considered; however, no relationship between the axial force and impact







Applying various time functions with different rupture durations (shown in Fig. 3.4) to
the same model, Fig. 3.6 represents the relationship between the impact force factor and
the rupture time. The maximum impact force factor is approximately 2.0. This factor can
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only be obtained when perfectly abrupt breakage occurs (trup
period will result in a smaller impact factor, and the smallest value of this factor is
approximately 1.0.
Fig. 3.6. Relationship between rupture time and impact force factor
Mozos and Aparicio (2011) suggested that a rupture time of 0.005 s should be considered
for this extreme event. An impact factor of approximately 1.88 can be expected. On the
other hand, Zhou and Chen (2014) applied a rupture time of 0.01 s in their case study,
resulting in an impact force factor of approximately 1.77 according to the graph.
Based
recommendation is conservative for a cable loss event in which corrosion is the main
cause. As a practical problem, experimental study is required to evaluate the impact force
generated when a corroded cable is abruptly broken.
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3.2.4 Lateral breakage by collision
If a heavy vehicle proceed into the cable but the force is not intensive enough to break
the cable immediately, it can cause significant lateral deformation to the cable, therefore
the yield strength. Subsequently, the cable is abruptly broken to separate into two cables,
The crashing of
car, truck, crane, cargo ship or another type of massive vehicle can be the key element
which enables this event to occur.
Fig. 3.7. Response of a cable to a transverse external force
Considering a steel cable in a cable-stayed bridge as a two-fixed-end cable that is 100 m
l tensile stress was introduced as 1,000
MPa as shown in Fig. 3.7.a. A transverse force P is applied at the position 20 m from one
end of the cable to simulate the collision force generated when a large ship mass with low
speed laterally collides with the cable as shown in Fig. 3.7.b. Assuming that the length of
the cable is fairly large compared to its diameter, the axial force is dominant and the
bending moment in the cable can be neglected. The transverse force causes significant
lateral deformation to the cable. The transverse vibration caused by lateral effect can be
described using equation (3-11).










In which, V is the vertical elastic shear force, g is gravitational acceleration, is weigh
density and S is sectional area.
The solution of the equation (3-11) gives the formula of the natural frequencies for lalteral
vibration, as shown in equation (3-12).
2
n (3-12)
sectional moment of iner
l l = -1).
However, due to the mechanical characteristic of a stay cable in cable stayed bridge, the
lateral vibration, whilst significant, is believed to have minor effect on the tower or girder.
Thus, lateral motion of cable during abrupt rupture falls outside the scope of this study.
Leading back to the analytical model in Fig. 3.7, t
of the elongation. If the force P is extreme, the cable axial stress increases to its yield
strength (Fig. 3.7.b). Even that the lateral force P is not in the central point, the axial
forces acting in left and right part are nearly identical (less than 5%, when the force P is
large enough). Subsequently, the cable is abruptly broken to separate into two cables, and
The cable tension








length, M is the mass, V is the velocity and N0 is the initial tensile force.
y.
the ruptured cable undergoes flapping vibration. When the elongation of the stay cable





3.7 is considered two truss elements with different lengths. Each truss has one fixed end
and one free end (similar to a cantilever).
Fig. 3.8. Time history of an axial force in a lateral cable rupture event
Fig. 3.8 represents the time function of a cabl
Tcol is referred to as the collision duration, and its value may vary over a wide range
because of the characteristics of the collision, such as the weight, speed and acceleration
of the vehicle during crashing into the cable. Tcol is tentatively chosen as 1 s considering
the collision conditions.
The rupture time Trup is the time from the beginning of the tensile stress reduction to that
s experimental
result (2011), Trup is recommended to be 0.005 s.
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Fig. 3.9. Time history of the reaction force obtained from lateral breakage simulation
Fig. 3.9 presents an example of the time history graphs of the reaction force at the fixed
ends; these graphs were obtained from the dynamic analysis based on finite element
method considering large deformation and the dynamic response of the cable by a shock
wave as shown in Fig. 3.8. The cable was modeled into 1000 beam elements and the
integration interval was 10-5 s. The axial force is applied at the free end as the input force
for the dynamic response analysis discussed below. After the breaking of the cable, the
amplitude of the reaction force decreases rapidly, accompanied by vibration with high
frequency. The vibrations, which have fairly high frequencies that depend on the length
of the cable, reflect the natural longitudinal vibration mode of the cable as discussed.
The wave graph shows that the reaction force will increase to Nyield at the cable breaking
time. When the impact force is defined as the difference between the maximum and
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minimum values of the reaction force, the value of impact force IM is expected to be 2.0
Nyield. Considering that the cables typically work within the range of 0.4 to 0.6 Nyield, the
value of impact force is greater than the 2.0 N0
lateral cable breaking.
3.2.5 Thermal breakage by fire
As mentioned in the p
cable loss from fire is believed to be gradual. This term can be understand that the axial
stress of the thermal-affected cable will return to zero without causing any impulse
impact force. Whether this statement is justified or not, when a stay cable in cable-
stayed bridge is affected by heating process, the tensile stress is expected to decrease
before the rupture.
The gradually losing of axial tensile stress in the cable can be caused by various effect.
Firstly, the thermal behaviors can give influence on tensioned stay cable as an addition
load or can modify material properties. Due to the thermal effect, a steel particle can be
moved away from its original place. Generally, the fire outburst locally affects the stay
cable, thus, the displacement of the steel particle is a relative motion. This relative
motion causes difference in deformation between the affected point and the
neighborhood (thermal expansion). The relationship between the stress and strain of a
thermal affected steel element can be describe as equation (3-14).
E T) (3-14)
In which, is the axial tensile stress, E is the Young modulus, is strain, is coefficient
of linear thermal expansion, and T is the change in temperature.
The increment of temperature also lead to decrease of both yield strength and ultimate
strength (Fig. 3.10). If the temperature is uniform along the specimen, the strengths of
the steel dwindle. According to Martinez5), the yield strength and ultimate strength of
mild steel will be only a half or less if the temperature exceed 800°K (500°C).
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Fig. 3.10. Relationship of temperature and relative strengths of mild steel (Martinez 5))
However, generally, when a fire incident occurs in a cable-stayed bridge and affects the
stay cable system, the thermal effects are not uniform. If the heating process of one side
of the cable is faster than the other side, bending effect can be considerable. This
phenomenon potentially affect the strength of the cable element. Moreover, unlike small
temperature variations (by weather, etc.), when the material properties are almost
the significant change in temperature can lead to permanent changes in material
properties (Young modulus, density, brittleness, etc.)
Nevertheless, the mechanism of cable loss due to fire are both loss of axial stress and
loss of material strength. It is reasonable to consider that the change should be gradual.
However, there is a fact that such event alone gives minor influence comparing to cable
loss events in which the impact force is generated. Collapse incident, if happens, is
often resulted from superposition of thermal effect not only on stay cable, but also other
structural components. In this dissertation, such events are not considered. Instead, the
cable loss incidents in which the heating processes are aggressive and ended in a short
period are put under investigation.
3.3 Summarize
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Cable breakage in cable stayed bridge can be classified into three major types: pure tensile
breakage, lateral breakage and thermal breakage.
The pure tensile breakage is believed to be the most basic cable rupture type and to be the
The lateral cable breakage is more aggressive than the pure tensile breakage. To study on
this phenomenon is very important and is expected to giving insightful complement to
the specifications.
The thermal breakage is believed to be less aggressive than other two types. However,
the statement that this type of breakage provide no impact to the cable-stayed structure
needs to be justified.
Regardless the type of breakage or the behavior of the cable prior to rupture, after being
broken, the vibration characteristics of damaged cable are supposed to respect the
structural mechanical rules.
The next three chapters are going to report three original experimental programs. Each
program heavily investigates in one cable breakage type. Thus, important statements
issued in this chapter are to be confirmed.
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Chapter 4. Experiment on pure tensile breakage
4.1 Introduction
An experimental program is conducted to fully understand the behavior of stay cables in
a cable-stayed bridge after being abruptly broken due to cross section reduction. In this
section, the pure tensile breakage, which was discussed in the last section, is considered.
Eleven steel wire specimens with reduced cross sections are broken by an autograph
tensile testing machine. Strain wave graphs before, during and after the breakage are
obtained from the test. Using those data, important information, such as the strain
velocity, rising time, vibration frequency and impact force factor, can be calculated.
4.2 Testing specimen
4.2.1 Material properties
The material properties of the steel wire were measured in a preliminary quasi-static
tensile test using a universal autograph testing machine. The axial force increasing rate
was set at 1 kN per minute. The stress-strain relationship curve obtained from the test is
shown in Fig. 4.1. Table 4.1 summarizes details about the geometric and mechanical
ultimate strength and 0.2% offset yield strength are calculated as 2075 MPa and 1775
MPa, respectively. According to the PT
tensile stress and yield strength requirements for the steel strands used in cable-stayed
structures are 1860 MPa and 1674 MPa, respectively, and the requirement for the elastic
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modulus is 197 GPA ± 5%. Therefore, the chosen steel wire specimen is believed to be
sufficient to simulate a real cable in cable-stayed structures in terms of material criteria.
Fig. 4.1. Stress-strain relationship of testing specimen for pure tensile breakage
Table 4.1. Material and geometric properties of test specimen for pure tensile breakage
Length 1200 mm
Diameter 1.5 mm
Young's Modulus 193 GPa
Ultimate Strength 2075 MPa
Yield Strength 1775 MPa
4.1.2 Similarity rule
The length of the testing specimen used in the main test is determined based on the
similarity laws. Table 4.2 summarizes some key scaling factors used in this work. A
review of recent research papers (see references) shows that the stay cables in cable-
stayed bridges are 50-300 m in length and 0.004-0.034 m2 in area (70 mm-200 mm in
diameter); the ratio between the length and the diameter is approximately 700-1500.
Therefore, with the steel wire used in this experimental program (1.5 mm in diameter),
the length of the specimen can be in the range of 1050 mm to 2250 mm. Consider the
limitations of the universal testing machine, the length of the specimen was chosen as
1.2 m. According to Table 4.2, the chosen specimen can reproduce a typical cable in a
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cable-
1/100), equivalent to a cable area of 0.017 m2.









Fig. 4.2. Autograph tensile testing machine
The entire experiment was conducted using a universal testing machine with a
maximum tensile capacity of 100 kN (Fig. 4.2).
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4.3.2 Measurements
Fig. 4.3. Strain gauges arrangement for pure tensile experiment
The sensors in the experimental programs were typical strain gauges specialized for
steel components (provider: KYOWA Corp.). Maximum measurable strain was 2% and
minimum sampl
Six strain gauges were attached to the positions near both ends and near the middle
point of the specimen. Fig. 4.3 presents the arrangement of the strain gauges. At each
end, two strain gauges are pasted at the same longitudinal coordinate, but at the opposite
side of the specimen.
4.4 Methodology
First, the cross sectional area of the testing specimen is reduced via the galvanic
corrosion process (Fig. 4.4). In this electrochemical process, the specimen acts as the
anode, therefore the iron cell is corroded in the presence of NaCl electrolyte. Industrial
clay is used to limit the corrosion position length to about 1 cm.
The voltage of DC current between the anode and cathode is set as 15 V. The corrosion
seriousness is controlled by the duration of the process. In this experiment, the corrosion
duration is varied from 2 to 10 minutes. Fig. 4.5 shows both the intact part and the
corroded part of a sample. A micrometer is used to measure the diameter of the
corroded part; thus, the remaining area after corrosion can be estimated. Table 4.3
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Fig. 4.4. Galvanic corrosion method
Fig. 4.5. Specimen ready for tensile testing
Then, the strain gauges are attached to the specimen, the specimen is mount to the
autograph testing machine, and the strain gauges are connected to the wave logger
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device. Finally, the specimen is tensioned until it is broken. The tensioning rate is 1000
N per minute, as in the preliminary material test.
interval of 50 µs. The obtained data constitute the strain wave graph, from which
important information, such as impact force, rupture duration, vibration frequency and
period, can be calculated.
Table 4.3. Testing cases in pure tensile cable breakage experiment












4.5 Result and discussion
Fig. 4.6 demonstrates typical strain waves obtained from the test in which samples were
broken using the universal tensile testing device, the estimated remaining area of the
corroded path was 43.56%, and the breaking force was 1527 kN (Test 6, Table 4.3). To
neglect the noise and bending effect, the final wave was calculated as the average of two
waves obtained by two strain gauges pasted at the same position but at opposite side of
each other.
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Fig. 4.6. Strain waves obtained from pure tensile experiment (Test number 6)
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Fig. 4.7. Strain waves obtained from pure tensile experiment (Test number 9)
Similarly, Fig. 4.7 represents strain waves obtained from the test 9, the estimated
remaining area of the corroded path was 65.07%, and the breaking force was 1767 kN.
These longitudinal strain waves were calculated by taking the average of the data
obtained from two strain gauges pasted at the same position of the specimen, but at
opposite sides (gauges 1 and 2 or 5 and 6), as show in formula (4-1). This process is




Because the tensile stress in the partly damaged specimen increases very slowly (as
slow as in the quasi-static test), the strains appear to level off to a stable value. When
the specimens are broken, the strain lines drop suddenly, and compressive strain is
induced from the initial tensile strain. Then, the rod begins to vibrate at high frequency
and rapid damping of its amplitude. The fluctuation shortly becomes insignificant and
returns to zero after a few wave periods as the tensile stress is released. In Fig. 4.6, the
Effect of sudden cable loss on structural stability of cable-stayed bridge
41
breaking time starts at 0.4755 s in the graph, and it takes approximately 0.0003 s for the
wave to reach negative peak value. The duration after that to the next negative peak is
0.00045 s, equivalent to a frequency of 2222 Hz.
From equation (3-8), assuming that the specimen is working below the material yield
strength, all the impact force factors from ten tests are calculated using equation (4-2)
and summarized in Table 4.4. This table also provides information about the rising time,
the vibration frequency after rupture and the strain velocity, in which rising time Trise is
the period from the point at which the wave graph starts to decrease to the point at
which the wave graph registers the lowest value. In addition, the strain velocity is the







The summarized results show that the calculated impact force factors are distributed
between 1.5 and 2.0, with only one case registering impact values slightly above 2.0.
These values are suitable based on the discussion in the previous section. The estimated
vibration frequencies after the breakage time are registered from 1667~3333 Hz.
The duration between the time when the graph starts decreasing to the time when the
graph reach negative peak, called rising time Trise, is similar (0.30 - 0.35 ms) in all
experiment cases; thus, the testing case with the higher maximum strain value generally
has a higher strain rate than one with a lower strain value. A small rising time results in
strain velocities that are relatively high and can be considered to have the same
characteristics of shock waves.
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Fig. 4.8 shows the relationship between the remaining area of a testing specimen
(corroded part) and the calculated impact factor. Similarly, Fig. 4.9 represents the
relationship between the measured rupture forces in each experiment with the
correspondence factors. In general, the impact force factor is smaller when the
remaining area is larger (or the rupture force is larger). Observing the broken specimens
explains this phenomenon. Although all the tests are performed with the same testing
speed (1 kN per minute), the smaller the remaining area, the higher the rate of increase
of the stress at the broken point, which results in a shorter rupture duration. This
parameter directly affects the impact force factor, which is explained in the previous
chapter.
Concrete evidence of this statement is shown in Fig. 4.10, which presents the difference
between the fractures of two samples. Although the specimen with the larger remaining
area (upper specimen) shows signs of moderate ductile fracture, the specimen with the
smaller remaining area appears to exhibit no apparent plastic deformation (which is
called brittle fracturing), indicating a shorter time of rupture.
One more reason that is worth mentioning is that a wider remaining area requires a
larger force to break the sample; therefore, more noticeable local buckling at the zone
near the anchorage position is observed (Fig. 4.11). This phenomenon leads to energy
leakage, definitely causing the relative impact force factor to be smaller than the test
case, with no or minor local buckling occurring.
The most significant impact factor calculated, which is slightly above 2.0, is when the
remaining area is less than 20%. However, this phenomenon is unlikely to occur.
Generally, the cables in cable-stayed bridges are designed to operate within the range of
40 to 60% of their material yield strength. Therefore, cable rupture by corrosion will
mostly occur when the remaining area is approximately 40 to 60%. As a result, the
maximum impact factor in the normal operating range of a cable is approximately 1.81,
as shown in Table 4.4.
Effect of sudden cable loss on structural stability of cable-stayed bridge
43














1 18.78% 2.011 8.269 2.054 8.486 0.00035 2222
2 21.78% 1.836 13.975 1.914 14.662 0.00030 2222
3 32.11% 1.844 16.468 1.923 17.113 0.00030 2500
4 34.42% 1.844 15.663 1.787 14.947 0.00035 2222
5 34.42% 1.854 16.111 1.836 15.72 0.00035 2222
61)2) 43.56% 1.812 26.867 1.803 27.485 0.00030 2222
7 47.15% 1.763 22.559 1.802 22.679 0.00035 1667
8 53.78% 1.753 23.733 1.674 22.683 0.00035 1818
9 65.07% 1.725 25.234 1.595 23.633 0.00035 3333
10 69.44% 1.527 27.544 n/a n/a 0.00035 2500
11 90.88% 1.475 40.32 n/a n/a 0.00030 2857
Notes:
1) Strain waves obtained from test number 6 are presented in Fig. 4.6
2) Plastic buckling starts to appear from test number 6
Fig. 4.8. Relationship between remaining area and calculated impact force factor
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Fig. 4.9. Relationship between rupture force and calculated impact force factor
Fig. 4.10. Fracture difference between two testing cases
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Fig. 4.11. Local buckling in pure tensile experiment
Fig. 4.12. Experiment and simulation comparison for test number 6, wave 1 (pure
tensile experiment)
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Fig. 4.13. Experiment and simulation comparison for test number 9, wave 1 (pure
tensile experiment)
To verify the experimental result, Fig. 4.12 and Fig. 4.13 present the comparison
between the obtained wave graphs from experiments 6 and 9, respectively, with wave
graphs generated using the numerical analysis approach for a stay cable 120 m length
experiment is scaled with a suitable factor for the time parameter (Table 4.2) to make it
comparable with the results of the numerical analysis. For this calculation, the rupture
duration of 0.005 s suggested by Mozos and Aparicio (2010) is adopted. The damping
ratio is chosen as 1%, 3% and 5%, after observation from obtained experimental waves.
It is shown that the numerical analysis is suitable for replicating the impact factor and
rising time. However, after reaching the peak value, the experimental wave graphs
present smaller fluctuation.
4.6 Summary
In summary, as discuss in the previous chapter, the experimental results show the
impact factor of 2.0 or larger recommended by the PTI to be conservative. A value of
approximately 2.0 only appeared when the corrosion is very serious (a loss of 80% of
the sectional area) and unlikely to occur in real cable-stayed structures.
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Numerical analysis with suitable damping input data obtains fairly good agreement with
the experiment results; therefore, this approach can decently simulate cable breakage
events. The wave forms obtained from the experiment exhibit aggressive characteristics.
Therefore, a dynamic approach with a small integration step is recommended in the
numerical analysis of cable-supported bridges under the effects of abrupt breakage of
stay cables.
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Chapter 5. Experiment on collision breakage
5.1 Introduction
This chapter investigated the lateral behavior of the cables in a cable-stayed bridge during
a collision breaking. In which, the cable axial stress will increase to a certain level and
abruptly rupture. In this experiment, sixteen hard steel wire specimens with an initial
tensile stress were tested by dropping a heavy weight.
5.2 Testing apparatus for collision breakage
Fig. 5.1. Photo of experimental apparatus used in weight dropping test
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Fig. 5.2. Schematic of experimental apparatus used in weight dropping test
The apparatus used in the experiment is shown in Fig. 5.1 (photo) and Fig. 5.2 (schematic).
The device consisted of vertical and horizontal modules that were made of L-shaped angle
stainless steel beams. The horizontal module was 3.5 m in width and 0.4 m in height, and
a steel wire was installed inside this module frame. After the specimen was installed,
tensile stress was applied by turning a screw bolt. The vertical frame was a 3-m-high
dropping tower with a navigational track. A 20-kg heavy weight was lifted up to a height
of 2.5 m by a pulley and then released. The entire vertical module is movable along the
horizontal steel frame; enable the blade to break the specimen at various positions.
5.3 Testing specimen for collision breakage




Young's Modulus 190 GPa
Ultimate Strength 1910 MPa
Yield Strength 1720 MPa
1 2 3 5 6
7
1. Load Cell
2. Horizontal Steel Frame
3. Test Specimen
4. Vertical Dropping Tower
5. Heavy weight
6. Anchorage
7. Cutting Blade 4
(Unit: mm)
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The material properties of the hard steel wire were measured using a universal autograph
testing machine and the geometric and mechanical properties are summarized in Table
5.1.
The length and diameter of the specimen were determined based on these similarity laws
(Table 4.2). The ratio of the length to diameter is approximately 700-1,500. Therefore,
the steel wire with a diameter of 2.0 mm and length of 2,000 mm was used in this
experiment. The specimen dimensions are thus determined using the similarity
1/50. Both ends of each specimen were bent into a ring shape and fixed to the module by
screw bolts. Similar to the pure tension test, strain gauges were used to record the change
in each specimen
is shown in Fig. 5.3.
Fig. 5.3. Arrangement of the strain gauges in one specimen used in weight dropping
experiment
5.4 Methodology for collision breakage
In this experimental program, there are two levels of initial axial force, 2,500 and 3,000
N, which are equivalent to tensile stresses of 780 and 950 MPa, respectively. These values
are approximately 0.45 and 0.55 of the yield strength. The heavy weight was dropped to
the target position of the cable. There were four target positions at 40, 60, 80 and 100 cm
from one end. The testing procedure is described as follow.
Firstly, mount the specimen to the horizontal module, connect the measuring device. The
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Secondly, tensile the specimen to a 1000 N and then slowly release the axial force to zero.
Reset the measuring device. The purpose of this step is to neglect the measurement
uncertainty.
Thirdly, apply the determined tensile force to the specimen. Move the vertical module to
the desired breaking position.
Finally, lift the heavy weight to the top of the vertical module and let it freely drop to
break the specimen. This weight of 20 kg was to simulate a crashing event of a ship
drifting with a weight of 7,700 tons and a velocity of 2 knots.
Table 5.2 represents the testing cases in this experiment.
Table 5.2. Testing cases for weight dropping experiment
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5.5 Result and discussion for collision breakage
As an example, Fig. 5.4 shows the strain time histories obtained from the test with an
initial axial force of 3,000 N and a breaking position at 0.8 m from the left end.
When the specimens were kept initially tensioned, the strain was constant values of 0.5%,
as shown in Fig. 5.4. When the specimens were collided by the heavy weight, the strain
waves began to fluctuate and their amplitudes increased to the yield strain of the specimen.
When the maximum strain value was approximate 1.1%, the axial tensile stress reached
its yield strength. The collision time Tcol was approximately 0.017 s, and Trise was 0.0028
s (graph 1) and 0.0034 s (graph 2). The vibration frequencies of waveform 1 and
waveform 2 after rupture were 1, 538 and 1,333 Hz, respectively. The slight difference
between two graphs was because of the difference in length between two ruptured parts.






The experimental results are summarized in Fig. 5.6. There is little effect of initial stress
on the result. The impact factors obtained by the abovementioned equation were 1.2-2.0.
hich was recommended
Fig. 9 show that, when the rupture point moved toward the middle, the obtained impact
forces increased to 2.0. If a collision incident occurs near the girder, the impact force of
1.5 Nyield is reasonable. In all sixteen cases, the collision times Tcol were 0.017-0.028
length of 100 m is estimated as (Tcol)real=(Tcol)specimen
frequencies of strain waves after breakage were 689-3,333 Hz. The relationship between
the frequencies and dropping position obtained from the experiment was comparable
with that of the theoretical values (Chapter 3).
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Fig. 5.4. Strain wave obtained from weight dropping experiment
(N0 = 3000 N, breaking position 0.8 m from left end)
Fig. 5.5. Strain wave obtained from weight dropping experiment
(N0 = 2500 N, breaking position 1.0 m from left end)
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Fig. 5.6. Weight dropping experimental results
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Fig. 5.7. Weight dropping experimental results evaluation
A finite element analysis is conducted to simulate the experimental result. The
procedure is similar to that of numerical analysis in the last section. The rupture of the
specimen 2 m in length and 2 mm in diameter was simulated. After rupture, the ruptured
cable is considered as two truss members with different lengths. Each truss has one
fixed end and one free end (similar to a cantilever). A shock wave shown in Fig. 3.8 that
In this calculation, collision Tcol is chosen as 0.017 s for the purposes of comparison
with the experimental analysis. The rupture duration Trup is the time from the beginning
of the tensile stress reduction to when the tensile stress becomes zero. Mozos and
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11) stated that rupture time Trup of 0.005 s should be considered to deal
with cable failure in cable-stayed bridge. This consideration was adapted to this
fact that the stay cable quickly damp out after rupture, adapting the result from the pure
tensile experiment verification, the modal damping coefficient is determined as 3%. Fig.
5.7 presents the comparison between the numerical strain waves and experimental strain
waves from three different tests. Those tests registered the highest values of impact
factor among all experiment cases. The vibration frequencies of the numerical waves
were identical with theoretical value. Both numerical waves and experimental waves
show the increment in the strain graphs to a certain level, followed by a sudden drop
and vibration around zero. However, the experimental waves continue to vibrate for a
longer duration and different pattern, compared with the numerical waves. This
phenomenon was because of the inevitable lateral movement of the specimens after
rupture. Nevertheless, the maximum and minimum responses of the numerical analyses
could decently cover those of experiment analyses.
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Chapter 6. Experiment on thermal breakage
6.1 Introduction
-Tensioning Institute (USA), states that cable loss
from fire is assumed to be gradual. This term can be understand that the axial stress of
the thermal-affected cable will return to zero without causing any impulse impact force.
This paper is to discuss and evaluate
breakage experimental program.
6.2 Testing specimen
This experimental program is performed on high tensile 7-wire PC strand. The stress-
strain relationship of the strand is obtained via laboratory tensile testing and the material
and geometrical properties of testing cable is summarized in Table 6.1.




Young modulus 195 GPa
Ultimate Tensile Strength 1930 MPa
0.2% proof stress 1670 MPa
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Fig. 6.1. Measurement of testing cable in thermal cutting experiment
From the table 195 GPa, satisfied the
riteria. The ultimate tensile strength is 1930 MPa and the
0.2% proof stress is 1670 MPa. The total length of the cable is measured as 5960 mm
(Fig. 6.1). To maintain the similarity rule, 6 out of 7 wires are cut out, only the core
wire is kept. The diameter of the core wire is 5.2 mm. Anchorage condition of the
testing specimen is show in Fig. 6.2.
Fig. 6.2. Anchorage condition of the testing cable in thermal cutting experiment
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6.3 Testing apparatus
The main apparatus used in this program is a steel pipe with rear hole as shown in Fig.
6.3 (schematically) and Fig. 6.4. One end accommodates a load cell, the other end is
fixed.
Thermocouple is sticked near the determined cutting position to measure the change in
tempurature of the specimen (Fig. 6.6). The thermocouple used in this program is type
K, consists of two alloys: chromel and alumel. When the thermocouple is set, the
thermal effect cause change in voltage of the electric circuit, therefore the temperature
can be estimated. The measureable range is 200 °C to +1350 °C.
Fig. 6.3. Schematic of testing apparatus in thermal cutting experiment
Fig. 6.4. Images of steel pipe and load cell in thermal cutting experiment
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Fig. 6.5. Oxyacetylene cutting torch
Fig. 6.6. Thermocouple
6.4 Testing process
Firstly, the specimen is mounted into the steel pipe, connect the strain gauges and
thermocouples to the wave logger.
Secondly, the specimen is tensioned to the designated initial strain. Table 6.2 shows all
testing cases with their designated initial strains (0.17 ~ 0.50%).
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Lastly, oxyacetylene cutting torch is used to generate thermal effect and manually break
the specimen at the middle position (Fig. 6.7). During each test, the cutting torch can
generates a flame burns at about 800 - 1000 ºC. The intensity of the heating flame is
control to break the specimen within 2 minutes. Sampling interval of the experimental
process is 20 microseconds.
Table 6.2. Experimental test cases for thermal breaking








Fig. 6.7. Thermal cutting in process
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6.5 Result and discussion

















1 1.69 0.55 3.75 1.55 0.9 2.29 513
2 1.63 0.4 4.63 1.74 0.95 1.86 526
3 na na na 1.89 0.4 14.54 500
4 1.77 0.4 13.14 1.78 0.4 13.23 513
5 1.77 0.28 17.81 1.76 0.28 17.92 500
6 na na na 1.84 0.32 24.67 926
7 1.89 0.34 8.16 1.79 0.34 7.96 510
Fig. 6.8 represents one example of strain wave graphs obtained from the test. The test
was carried out with initial longitudinal deformation of about 0.2%. During the thermal
cutting process, the strain gradually decreases from 0.16% to about 0.12% and suddenly
drops to a negative peak then begins to vibrate.
Observing the broken specimens explains this phenomenon (Fig. 6.9). Under the
combined effect of pre-stress and thermal expansion, the cross section at the cutting
position elongates, yields and deforms to cone shape (similar with ductility in quasi-
static material test). As a result, the other parts of the specimen shorten. However, the
this case. Assuming that the cross sections other than the rupture one are working below
the material yield strength, the impact factor (IF) can be defined by Eq. (1) as the
0 min) as
shown in Fig. 6.8.
Rising time Trise is the period from the point at which the wave graph starts to drop to
the point at which the wave graph registers the negative peak. In addition, the strain
ulated using
Effect of sudden cable loss on structural stability of cable-stayed bridge
63
Fig. 6.8. Strain wave obtained from case 1, left end (Thermal cutting test)
Fig. 6.9. Configuration at thermal rupture position
Fig. 6.10. Temperature near the cutting position
The post rupture vibration frequency is about 513 Hz, estimated from the strain time
history graph. The summarized results are show in Table 6.3, in which, data obtained
from the strain gauge near the left and right ends are denote as 1 and 2, respectively.
The impact factors are mostly in the range of 1.55 to 1.89. Fig. 6.10 shows the change
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in temperature recorded by the thermocouple near the cutting position. Despite the
cutting flame burns at over 800 ºC, it is show that the temperature increment at the
nearby position is not noticeable, due to short heating time. For safety reason, impact
force of 2.0 multiply with the initial axial force in the cable is recommended for this
condition. There is no observable relationship between the pre-stress level and other
parameters, so the initial condition is neglected from the table. The calculated rising
times varies from 0.28 ms to 0.95 ms. The vibration frequencies are mostly about 500
Hz with only one exception (case 6). The obtained values are suitable with fundamental
longitudinal vibration frequency of a cantilever, which can be calculated literately.
6.6 Summary
This chapter report an original experimental program regarding stays in cable-stayed
bridges being damaged by fire. Nine steel wire under pre-stress condition were broken
using oxyacetylene cutting torch. The obtained strain wave graphs showed that the
stress near the anchorage of the specimen will gradually decreases and suddenly drop.
There is definitely impulse impact force when a stay cable loss from fire. Therefore, the
temperature and short heating time, impact factor of 2.0 using for the initial tensile
stress acting in the anchorage was suggested. This is similar to the behavior when a pure
tension rupture occurs (Chapter 4). The longitudinal vibration of the broken cables were
around 500 Hz, obtained by fundamental vibration theory.
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Chapter 7. Numerical analysis of a cable-stayed bridge
7.1 Introduction
In the last three chapters, experimental studies were carried out to estimate the value of
impact force generated during stay cable rupture incident, due to various causes. It is
essential to understand the response of the cable-stayed bridge structure when such event
occurs. Via numerical analysis approach, this chapter performs case study of a completed
cable-stayed bridge under effect of cable loss impact force and evaluate its structure
robustness against progressive collapse.
As the cable loss field of study has only been seriously considered in the last decade
(Starrosek, 2007), a newly operated prototype bridge was chosen to perform the analysis.
The bridge is a long-span cable-stayed bridge with relatively large number of stay cables.
Firstly, details about the bridge is fully described. The modeling process is done using a
FEM computer program (TDAP III). The complete model with all the stay cables remain
intact is used as initial structural stage.
Next, the study on influence of losing stay cable due to various scenarios is carried out.
Despite that the cable failures were classified into three categories in the previous chapters
of this paper, this chapter is consist of only two major patterns. The first one is the cable
axial force decrease suddenly or gradually with no increment. The impact force is
determined as 2.0 multiply with the initial axial force N0
recommendation. The second scenario considers the increment in stay cable axial force
before breakage, so called lateral breakage. Based on the experimental result, the impact
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ld force Nyield. Of the two
mentioned cable breaking pattern, the later one is believe to be more aggressive.
Dynamic response analysis is considered in this study. Although dynamic approaches
have been suggested in previous studies (chapter 2), the researchers just simply removed
the cable and measured the dynamic amplification. The experimental results indicated
that the impact force affected the anchorages in waveforms via vibration propagation.
Numerical waves are used in the dynamic analysis of this paper and compared with the
static approach suggested by PTI.
Recently, structural robustness and redundancy are becoming more and more important
in bridge engineering. Despite that the PTI -
stayed bridge to withstand the event in which a single stay cable is abruptly broken, this
paper further invests in the unforeseen scenarios in which multiple cables rupture
simultaneously. This calculation step aim to determine the critical event that the prototype
bridge cannot maintain structural stability and serviceability. The risk of progressive
collapse is also highlighted in each calculation, with or without lateral cable breakage.
Fig. 7.1. Image of Can Tho Bridge (cantho.gov.vn)
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7.2 Bridge description
The prototype bridge used in this analysis is Can Tho Bridge, a long-span cable-stayed
bridge located in Southwest Vietnam. The bridge spans over Hau River and connects Can
Tho City and Vinh Long Province. The project began in September 2004 and was
originally intended for completion in 2008. However, a collapse incident occurred in 2007
and delayed the inauguration until 2010. Fig. 7.2 presents an image of the Can Tho Bridge
(source: cantho.gov.vn). The main span arrangement is 230 + 550 + 230 m, and the total
length of the cable-stayed bridge is 1,010 m. The elevation view of the bridge is shown
in Fig. 7.2.
Fig. 7.2. Elevation view of the Can Tho Bridge
The stiff girder is composed of a pre-stressed concrete box girder of 26 m in width and
2.7 m in height (Fig. 7.3) and a 210-m steel box girder at the middle of the center span
(Fig. 7.4). The cable towers are Y-shaped pylons built of reinforced concrete with a height
of 169 m (Fig. 7.5). Two cable planes are placed into a semi-fan-shaped arrangement,
with 108 cables in each vertical plane. The spacing between two adjacent cable
anchorages at the deck level is 8 m for pre-stressed concrete girders and 12 m for steel
girders. The stay cable system consists of zinc galvanized wires, high fatigue resistance
anchorage and corrosion protection system comprising high density polyethylene
(HDPE)-tubes (Fig. 7.6).
recommendations are shown in Table 7.1. Table 7.2 presents the sectional properties of
the pylons and girder.
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Fig. 7.3. Pre-stress concrete girder
Fig. 7.4. Steel box girder
Fig. 7.5. Pylon
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Fig. 7.6. Details of cables
Table 7.1. Properties of the cable element in the prototype bridge
Material Name Steel Strand
Young's Modulus 196 GPA
Ultimate Strength 1860 MPA















Pylon 16.96 ~28.50 56.54 ~ 123.80 107.5 ~ 123.80
115.20 ~
249.60
Concrete girder 19.90 17.70 1162.8 49.99
Steel girder 1.07 1.25 56.24 3.37
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7.3 Modeling process
Fig. 7.7. FEM model
A three- - in the software
program TDAP III. This computer program is made for dynamic response analysis
software based on the finite elemental method. The pylons and girders were divided and
modeled as approximately 1,500 beam elements. Each cable was treated as a single truss
element with initial tensile axial forces. The material damping factor for the working
cable truss elements and beam elements was 1%.
Dead loads and live loads were applied according to the initial design condition of this
bridge. The numerical model under this combination of loads was used to calculate the
initial condition of each structural member. Next, numerical calculations of the response
of the bridge to cable loss were performed.
Fig. 7.8 represents first three eigen vibration modes of the modeled cable-stayed bridge.
The calculated fundamental frequencies are 0.185 Hz, 0.217 Hz and 0.315 Hz,
consequently applied for Y, Z and X axis.
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Mode 1, f = 0.185 Hz
Mode 2, f = 0.271 Hz
Mode 3, f = 0.312 Hz
Fig. 7.8. Eigen values
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7.4 Parametrical study
7.4.1 Position of cable breakage
-stayed bridge can retain theirs
stability even if one cable is missing. The question of which single cable is the most
vulnerable to structural safety is to be answer. A single stay cable is statically removed
from the original model. Under the effect of dead loads and live loads, the stresses in the
cable system are redistributed. Internal forces acting in the main girder and towers are
also affected.
Because of symmetry, only the stay cables anchored at the left pylon are considered to
evaluate the vulnerability of the prototype bridge. Out of 54 cables, the most six typical
cables are chosen:
- Cable number 1 and cable number 54, the longest stay cables of the bridge
- Cable number 14 and 41, the cable locates in the central of the outer span.
- Cable number 27, the cable of the outer span that is the nearest to the tower.
- Cable number 28, the cable of the main span that is the nearest to the tower.
Table 7.3 presents the initial axial forces and axial yield forces of those cables.









1 5537.1 0.007197 12047.8
14 5632.5 0.005811 9727.6
27 3807.3 0.004195 7022.4
28 3642.1 0.004195 7022.4
41 5647.1 0.005811 9727.6
54 4735.2 0.007658 12819.5
The influences of losing one cable at six determined position are represented in the
following figures (from Fig. 7.9 to 7.14). Table 7.4 summary the calculated results.
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Fig. 7.9. Effect of removing cable 1
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Fig. 7.10. Effect of removing cable 14
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Fig. 7.11. Effect of removing cable 27
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Fig. 7.12. Effect of removing cable 28
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Fig. 7.13. Effect of removing cable 41
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Fig. 7.14. Effect of removing cable 54
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7.4.2 Frequency of the input wave
To verify the influence of the frequency of the ruptured stay cable on the response of the
cable-stayed bridge, several waves with frequencies from 4 Hz to 1000 Hz were employed
in the analysis.
Fig. 7.15 shows one calculation example of the response of the cable-
girder when cable 54 ruptured and the impact waves with different frequencies applied
on the deck. The upper graph shows the maximum bending moment on the girder, and
the lower graph shows the vertical deflection of the girder. Although the frequency affects
the response behavior, there is no significant difference in the response behavior when
the frequency of the impact wave exceeds 100 Hz.
Fig. 7.15. Effect of frequency of input wave form
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7.5 Effect of non-lateral cable breakage
This section considers the influence of abrupt cable loss due to corrosion, fatigue or
aggressive thermal breakage. According to the discussions in the experimental section,
the impact force resulting from 2.0 initial axial force N0 is suitable for consideration.
Dynamical calculation is adapted to evaluate the superposition effect of cable losing and
impact dynamic force.
Due to the last section, the selected position of loss cables are cable 1, 14, 27, 28, 41 and
54. Initially, a single stay cable rupture is considered, and the initial axial force was
defined in Table 7.3. In this calculation, an impact waveform with high frequency was
applied to the girder anchorage, and an impact waveform with low frequency was applied
at the pylon anchorage to simulate the fact that the rupture position is often near the main
girder. The input waveforms are represented in Fig. 7.16.
Fig. 7.16. Input waveform (non-lateral simulation)
Effect of sudden cable loss on structural stability of cable-stayed bridge
82
Fig. 7.17 shows the bridge model, where one cable at position 54 was removed from the
numerical model and the pair of impact force was applied at anchorage positions.
Fig. 7.17. Cable 54 removed from the model



























1 5537.1 7182.0 -1930.8 29788.2 0.18 699.3 364.4
14 5632.5 -6586.0 3078.7 38685.1 0.10 511.5 173.0
27 3807.3 -2224.0 -2429.4 45690.4 0.07 644.7 296.1
28 3642.1 -1624.0 2363.8 42027.7 0.07 606.5 282.8
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41 5647.1 -5059.0 2153.7 51163.9 0.11 596.6 301.3
54 4735.2 -8714.0 1280.4 38191.6 0.30 604.4 596.0
Table 7.4 shows the maximum influence of losing a single stay cable to the main girder
and cable system. As expected, the results are quite different between each calculation.
The maximum bending moment of the main girder is the largest when the stay cable 41
is abruptly ruptured (over 50 MN m); meanwhile the losing of cable 54 gives the
of 0.3 m also occurs when the rupture of the longest cable in the system occurs (cable 54).
Losing stay cable 1 gives the most influence to the adjacent cables, the maximum axial
force increment in the cable system is about 700 kN. Nevertheless, the tensile force
increments in the cable loss plain are quite significant in all calculated cases, even in the
shortest cable 27 and 28. Meanwhile, the opposite cable plain is most affected when the
stay cable 54 is abruptly broken.
Next, the effect of losing stay cable 54 on the main girder and cable system is chosen to
represent. Fig. 7.18 shows the change in the bending moment of the main girder. The
maximum value ( ) is at the center of the main girder. Meanwhile, the change in
bending moment are minor near the pylons and piers. Fig. 7.19 shows the change in
shearing force when cable 54 abruptly broken. The maximum vertical deflection is 0.30
m, occurs at the main span as shown in Fig. 7.20; while the side spans register
insignificant deflection.
Fig. 7.21 represents the increment of tensile axial force of remaining stay cables when
cable 54 rupture. The most affected cables are cable 53 in the loss plain and cable 54 in
the opposite plain. Both stay cable record an extra axial force of about 600 kN, according
to the calculation result.
The distribution of the torsional moment at the main girder is shown in Fig. 7.22. The
maximum change in torsional moment was calculated as about 18 MN m, occur near the
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anchorage of the broken stay cable. The torsional effect causes angular deflection of about
0.4 degree. The edge of the main girder cross section has maximum deflection of 0.4 m,
Fig. 7.18. Change in bending moment (non-lateral simulation)
Fig. 7.19. Change in shearing force (non-lateral simulation)
Fig. 7.20. Vertical deflection (non-lateral simulation)
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Fig. 7.21. Increase in cable axial force (non-lateral simulation)
Fig. 7.22. Change in torsional moment (non-lateral simulation)
Fig. 7.23. Deflection of cross section (non-lateral simulation)
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1 1.79 0.86 0.83 1.06 870
14 0.94 0.66 0.63 1.11 760
27 1.32 0.61 0.64 1.00 820
28 1.28 0.62 0.61 1.00 790
41 0.90 0.55 0.62 0.79 630
54 0.73 0.49 0.40 0.77 680
Fig. 7.24 Change in bending moment (static, non-lateral simulation)
Fig. 7. -lateral simulation)
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Next, comparison study between dynamic analysis and static analysis was performed.
Table 7.5 shows the ratio of dynamic analysis results in comparison with static analysis
results.
was used in the static approach is 2.0 N0. The ratios are quite different depending on the
cable loss position.
Fig. 7.24 show
Compare to the envelope graph obtained from dynamic analysis (Fig. 7.18), the static
analysis graph shows similar shape. However, the peak value of the static analysis is much
larger than that of dynamic ones.
The increment in the tension force of the adjacent cables was also calculated and
presented in Fig. 7.25. Generally, the values are larger than those of dynamic analysis.
Nevertheless, the cables still work within elastic limitation.
This calculation also consider multiple stay cable loss. It is assumed that due to fire, the
number of cable loss can be up to ten. Fig. 7.26 represent the change in bending moment
.
According to the design sheet, positive bending moment limitation at the center of the
main girder is 130 MN m and the yield bending moment is 185 MN m. Consider that
the initial bending moment at the observation point is 40 MN m, when 3 or 4 cables
abruptly loss, limitation of traffic is required. The risk of failure occurs when 5 or 6 cables
loss (the maximum bending moment appeared in the main girder was about 150% of
allowable value).
Fig. 7.27 and Fig. 7.28 represent the increment in adjacent cable tensile force and vertical
displacement of the main girder when multiple cables loss simultaneously. To retain the
serviceability of a cable-
vertical deflection is 0.25% of the span length. As the middle span had a length of 550 m,
the deflection limitation was 1.4 m. Accordingly, the bridge can retain its serviceability
when the number of cable loss is 4 or less.
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Fig. 7.26. Change in bending moment due to multiple cable loss (non-lateral simulation)
Fig. 7.27. Change in cable axial force due to multiple cable loss (non-lateral simulation)
Fig. 7.28. Vertical deflection due to multiple cable loss (non-lateral simulation)
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7.6 Effect of lateral cable breakage
This calculation consider the lateral stay cable breakage due to collision of heavy vehicle.
The impact force is related to the axial yield force of the cable under consideration,
regardless the initial axial force. Both static and dynamic response analysis were carried
out. Due to the increment in axial force before stay cable rupture, the calculation
processes were modified accordingly and described as follow.
Two calculation steps were considered for the static approach. The first calculation step
stress increased to its yield strength. In the second calculation step, the loss cable was
removed, and then the impact force was applied (1.5 Nyield as suggested by the
axial force was 1.0 Nyield, the specified relative impact force along the cable direction
with opposite direction will cause a compression effect with a value of 0.5 Nyield. The
pair of impact forces were applied at the anchorages of the pylon and the girder along
with the superposition of other dead loads and live loads.
Dynamic response analysis was also conducted. After the removal of the cable elements
from the initial model, time-history-response analysis of the bridge with cable loss was
performed. The dynamic forces were calculated using a waveform and scale factor
obtained from a numerical process similar to that in chapter 3. For each calculation case,
the impact waveforms were modified, considering both the actual length and the initial
force of the cable under consideration. A collision duration of 1 s was chosen, as discussed
cause differences in the vibration frequency of the input wave.
Collision accidents may occur near the anchorage position at the main girder. Fig. 7.29
shows the impact wave forms with different vibration frequencies used in the dynamic
response analysis. In this case, an impact waveform with high frequency was applied to
the girder anchorage, and an impact waveform with low frequency was applied at the
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pylon anchorage. The integration time interval was 0.001 s, and the number of integration
steps was 60,000 for each calculation case.
Fig. 7.29. Input waveform (lateral cable breakage)
Table 7.6. Maximum increment in the remaining cable (lateral cable breakage)
Cabl
e ID























27 - 1.95 24.52 5.33 24.33 11.51
28 - 1.94 25.32 5.37 24.87 11.92
41 - 1.56 16.97 5.92 11.16 6.24
54 2.84 2.86 28.57 18.60 24.45 17.13
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In this calculation, cables 27 & 28 (near the pylon) and cables 41 & 54 (at the middle)
were presumed to be broken for the dynamic response analysis. Table 7.6 shows the
maximum tensile force increment in the cable system when one of the four cables was
laterally broken.
When the cable stress increased to the yield strength in step 1 of the static analysis, the
remaining cables exhibited a small increment in tensile stress. The maximum increment
value was 2.86%. When the cable was removed from the model and an impact force of
1.5 times yield force was applied, the adjacent cables were significantly affected. The
maximum tensile force increased by 28.57%. Losing one cable at positions 27, 28 and 54
he effect of
losing cable 41 was less than that of the other locations. Among the four cable-loss
calculation cases, loss of cable 54 had the most significant influence on the opposite cable.
The tensile stress increased nearly 19% compared with the initial condition. By contrast,
the increase in the axial stress of the opposite cable plane was less than 6% in the other
case. The results of the dynamic analysis are also presented in Table. 7.7. The maximum
stress increment of the dynamic analysis was nearly the same as that of the static analysis.
Table 7.7 presents the maximum responses of the main girder calculated in the static
analysis and dynamic analysis. The response in the dynamic analysis was smaller than
that in the static analysis (up to 35%). Losing a cable near the middle of the main span
caused a large increase in the bending moment. Moreover, a large maximum torsional
moment increment was calculated when cable 41 was lost. Regarding the vertical
deflection, a large increment value was calculated when cable 54 was lost for both the
static analysis and dynamic analysis, whereas the vertical deflections were small in the
other calculation cases. The vertical deflection values were calculated at the main girder
central line, as shown in Table 7.7. Fig. 7.30 shows the deflection of the girder cross
section. Because of the torsion moment, the deflection of the girder at the cable-loss side
was calculated to be -0.9 m, and the inclination of the bridge surface was 1.07 degrees.
This deflection is not sufficiently serious to affect vehicle passage, but passage limitation
is necessary.
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Table 7.7. Maximum response of (lateral cable breakage)
Cable
ID

















27 68.2 49.2 -0.07 49.9 32.2 -0.09
28 67.2 32.9 -0.06 46.1 31.2 -0.09
41 77.6 54.6 -0.14 56.9 39.6 -0.12
54 73.5 33.8 -0.42 57.7 29.3 -0.52
Fig. 7.30. Deflection of girder cross section (lateral cable breakage)
Fig. 7.31 shows the distributions of the vertical displacement, bending moment and
torsional moment along the longitudinal direction of the girder. In general, the dynamic
analysis results revealed a greater influence at further locations. This result is presumed
to be due to the propagation of the impact force from the input locations and the vibration
of the stayed-cable bridge by the impulsive wave. The peak values calculated in static
calculation step 1 were nearly the same as those calculated via the dynamic analysis.
Alternatively, the static analysis in step 2 showed the largest peak value at the position
where the cable was lost.
Fig. 7.32 presents the time history of the vertical displacement, bending moment,
torsional moment of the middle point of the main span, and axial stress in the adjacent
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cable (number 53). The waveforms of the vertical deflection and bending moment were
sinusoidal, and their dominant vibration periods were approximately 2.5 s, which was
nearly the same as the dominant period of the girder for the vertical direction. Although
the amplitude of the input waves at the anchorage location decreased rapidly, the
amplitude of the response of the girder did not decrease. The vibration of the girder was
affected by that of the stay cables.
Fig. 7.31. Effect of laterally losing cable 54 on the main girder
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Fig. 7.32. Time history of adjacent components (lateral cable breakage)
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Fig. 7.33. Effect of losing multiple cable (lateral cable breakage)
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Table 7.8. Percentage of maximum calculated bending moment over allowable value
(lateral cable breakage)





Loss of a single cable at the middle of the main span had the greatest influence on the
cable system and main girder. Analysis of multiple-cable loss caused by collision of a
heavy weight in the middle location was conducted. Fig. 7.33 presents the maximum
values of the cable system and main girder obtained from the static analysis when up to
4 cables were laterally lost at the same time. In some cases, the results of the static analysis
were slightly larger than those of the dynamic response analysis. This phenomenon is due
to the phase difference between the two waveforms applied at the girder and at the pylon.
To retain the serviceability of a cable-stayed bridge, the maximum allowance of a bridge
gi
of 550 m, the deflection limitation was 1.4 m. Therefore, this bridge cannot maintain its
serviceability when a collision incident occurs and more than one cable is lost, according
to Fig. 18. Table 7.8 summarizes the percentage of maximum calculated bending moment
appeared in the main girder over the allowable value. The allowable bending moment of
the steel girder is 130 MN·m, and the yield bending moment is 185 MN·m. Therefore,
the girder will be seriously damaged when 4 cables are lost simultaneously (both static
and dynamic analysis recorded values of over 120% of allowable bending moment of
girder). There is a high risk of progressive collapse as the maximum tensile stress in the
cable system exceeds 1,500 MPa considering that the material yield strength of the cable
is 1,674 MPa.
The numerical analysis results show that this bridge can maintain its stability and
serviceability when one stay cable is lost. This calculation result satisfies the requirement
ateral
collision incident. However, if more than one cable is abruptly ruptured by a collision
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incident simultaneously, the serviceability and ultimate performance of the cable-stayed
bridge are unlikely to be maintained.
7.6 Considerations
This chapter invested in the performance of a recently constructed cable-stayed bridge
located in Vietnam. Both static and dynamic response analyses were performed to
evaluate the safety of the bridge under extreme scenarios.
Firstly, parametric studies has been carried out to understand the influence of different
parameters to the prototype bridge. It was found that losing one cable at any position
would locally affect the bridge main girder and adjacent cables. Losing one cable at the
center of main span (Cable 54) gave maximum girder deflection. Moreover, the length of
the broken cable and rupture point will affect the frequency of the impact waveforms.
The lower frequency, the larger influence in the remaining component. However, the
different in effect was limited when the frequency exceeded a certain value.
The non-lateral cable breakage considered the scenario that there was no increment in
cable axial force prior to the breakage. It was found that the impact force of 2.0 N0 stated
ervative. The static analysis results were significantly
larger than the dynamic ones. As the prototype bridge was newly constructed, the
robustness of the bridge was confirmed. The bridge could maintain its structural stability
when losing any single stay cable, regardless cable position. The structural serviceability
was retained when up to 3 cables loss simultaneously, while 4 or 5 cables loss was the
limitation for the main girder to stay safe.
This study also considered a very aggressive scenario when stay cables laterally rupture.
Impact factor of 1.5, applied to Nyield was suggested for static analysis. The increment in
axial tensile force prior to breakage was also considered in both static and dynamic
approach. The obtained results were almost identical. Although this was a very extreme
event, the bridge still maintained its stability when a single cable was broken. However,
multiple cables loss analysis told different story. The existing bridge was unlikely to
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maintain its serviceability and structural stability if several cables were broken
simultaneously by a collision accident. Progressive collapse may occur if more than four
cables are lost simultaneously.
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This dissertation investigated in the impact behavior of stay cable during sudden rupture
events and its influence on structural stability and serviceability of a cable-stayed bridge.
As a most vulnerable component in the structures, the stay cables in cable-stayed bridges
can encounter accident that cause losing of stress or complete failure. Chapter 1 referred
Recommendations for Stay Cable Design, and
motivations of this research. This chapter also provided list of research objectives which
were solved in the subsequence chapters.
Chapter 2 firstly recorded cable-stayed bridges
incidents, in which, the cables completely ruptured or loss part of the stress. All of those
incidents occurred in the 21st century. As a result, such events drew the attention of
researchers from around the world and has been seriously studied in the last decade. This
chapter indicated the stay cable rupture inn cable-stayed bridge was a practical issue and
should be studied via experimental programs, of which all the existing research works
were still lacking.
Chapter 3 performed preliminary studies regarding typology of stay cable loss,
theoretical and numerical consideration of a typical cable element and its response when
being broken. Based on the change in cable
the cable loss event in cable-stayed bridge can be classified into three major types (pure
tensile, lateral and thermal). Each major type would be considered in the corresponding
experimental programs.
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Chapter 4 performed experimental study on pure tensile stay cable rupture. Before abrupt
rupture, the cable tensile force remained almost the same. The causes of this type of
breakage were corrosion and fatigue. Similarity laws was adapted to choose testing
speci
recommendation for impact force factor was conservative and safe.
Chapter 5 reported experimental program regarding the lateral cable breakage caused by
collision of a heavy weight. Because of the elongation effect, the cable tensile force
increased to a certain level before suddenly dropped and vibrated. The obtained results
indicated that in a collision stay cable rupture event, the impact force factor should be
related to the yield force rather than the initial force.
The final experimental program (Chapter 6) considered the last of three major type of
cable breakage: rupture by thermal effect. Tensioned cable strand was cut by an
oxyacetylene torch recommendations stated that the cable loss due
to fire was assumed to be gradual, the obtained results showed different phenomenon.
Under the effect of an extremely aggressive fire and short heating duration, the strand
was locally damaged and the impact force was very significant. The value of impact factor
should be considered as high as that in pure tensile breakage.
Based on the experimental results, Chapter 7 performed case study on structural stability
of a newly operated cable-stayed bridge. Considered the complete FEM model of the
bridge as the initial stage, the stay cables at various positions were removed. Then the
suitable impact force waves were applied at the anchorages to simulate the sudden cable
rupture event, laterally or not. The calculation results indicated that the bridge could
maintained its structural safety without causing progressive collapse if a single cable was
abruptly broken, regardless the cable breaking patterns or position of the cable. However,
simultaneously multiple cable loss can heavily affect the serviceability and stability of
the bridge.
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8.2 Significant findings
This study are extremely valuable and can be source materials for cable-stayed bridge
safety and reliability assessments. Most important findings are described as follows:
1.
limited, ambiguous and in serious need of complement. It is believed that the
suggested impact force factor 2.0 used with initial axial force N0 is inadequate to
assess the all cable loss event due to various causes.
2. In a cable breakage due to corrosion or fatigue, the impact factor of 2.0 is conservative
and safe. The impact force resulting from 2.0 multiplied N0 should only be considered
when the corrosion is very serious.
3. If a stay cable ruptures due to aggressive fire with very short heating time, the cable
very significant. The impact factor of 2.0 used with N0 is recommended for this
4. Among the three major types of cable breakage, the lateral type is the most aggressive
and able to cause most significant impulse impact force to the cable anchorage. The
impact force of 1.5 multiplied with cable yield force Nyield is recommended, instead
5. In lateral cable breakage, the phenomenon, in which the cable axial force raise to Nyield
before rupture need to be considered when assess the bridge structure safety. The
collision duration, Tcol can be chosen as 1s, obtained from the experimental results.
6. Regardless the breaking pattern, all experimental programs prove that the impulsive
impact force generated when a tensioning cable rupture affect the anchorage in form
of a shockwave. The numerical analysis also confirm this fact. Therefore, dynamic
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response analysis with impact waveform suitable with cable scale is recommended to
perform FEM cable-stayed bridge modelling and analysis.
7. The length of the broken cable and rupture point will affect the frequency of the
impact waveforms. Longer cable has lower frequency than shorter one. However, the
effect of different frequency to a prototype cable-stayed bridge was limited when the
frequency reaches a certain value of 100 Hz.
8. In the case study chapter, due to the phase difference between the impact wave forms
applied on the girder and pylon, the dynamic analysis results have smaller value than
those of the static analysis results. In the lateral cable breakage calculation, those
values are nearly identical. However, the differences in non-lateral cable breakage
simulation results was significant.
9. Also from the case study results, a recently constructed cable-stayed bridge can
withstand losing one cable at any position, regardless the breaking scenario. This
10. Lateral breakage of 2 cable at the center of bridge main span can cause instability to
the structure; while the high probability of progressive collapse occurred if 4 cables
were broken simultaneously.
8.3 Limitations and future works
Like any academic research program, as cable loss is a relatively new field of study, the
research work represented in this paper is consist of a number of limitations. Nevertheless,
those unfinished point can give motivations to plenty of research direction.
First and foremost, the throughout terms of impact force or impact factor in stay cable
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researchers. The author believes that DAF term to be very ambiguous and cannot stand
for the evaluation process described in the guideline.
As the experimental programs are all original, the author spent a lot of time for trial and
error. As a result, the number of reliable data is not enough to issue fully and concrete
implements to the design code. Not every possible parameter could be studied. The author
suggested that more experiment should be carried out and parameter such as the dropping
weigh or velocity of the heavy weight should be considered in the lateral experimental
program.
The stay cable breakage due to fire is not completely studied. Because of the limitation
in experimental apparatus and equipment, this research only consider the aggressive
thermal breakage during a short period of time. In fact, the fire incident that causes cable
breakage usually last much longer than few minutes and also affects the main girder or
pylon, not only the stay.
The case study is limited to a recently constructed long-span cable-stayed bridge only. It
is also suggested that further studies should consider cable-stayed bridges with different
design characteristic such as number of cables, number of cable plains, and material of
the main girder and so on.
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